Introduction
The pathologic feature of type 1 diabetes is cell-mediated autoimmune destruction of pancreas islet ␤-cells (insulitis). A recent study demonstrated that intramuscular injection of immunosuppressive cytokine plasmids can effectively suppress the progression of autoimmune diabetes in an animal model of type 1 diabetes (non-obese diabetic mouse, NOD mouse). [1] [2] [3] However, development of an efficient and stable gene transfer after systemic administration is necessary for a pancreas ␤-cell targeting strategy.
Intravenous administration of naked plasmid was expressed in the liver, lung and spleen. However, plasmid DNA is cleared rapidly from the circulation due to its extensive uptake by the liver and rapid degradation by plasma nuclease. [4] [5] [6] Although complex formation especially with cationic liposomes has been shown to enhance DNA stability and gene expression, the plasmid still clears rapidly from circulation and liposome/plasmid complexes are toxic to the cells. 7, 8 We recently synthesized a biodegradable cationic polymer, poly[␣-(4-aminobutyl)-l-glycolic) acid] (PAGA). This polymer condenses DNA efficiently and is less cytotoxic than PLL. PAGA is biodegradable, not toxic to the cells and enhances transfection in cultured cells. 9 We used PAGA as a DNA carrier for sys- temic delivery of mouse IL-10 (mIL-10) and investigated whether this polymeric system can prevent insulitis in NOD mice. In this study, we found that the synthetic PAGA enhanced transfection efficiency of pCAGGS mIL-10 plasmid in vitro. PAGA/mIL-10 plasmid complexes can be delivered to the liver after intravenous injection and the complexes can suppress the progression of autoimmune insulitis in NOD mice.
Results

Formulation and in vitro characterization
A gel retardation study was carried out in order to confirm self-assembling complexes of PAGA/plasmid. The increasing ratios of PAGA/plasmid complexes were identified by 1.0% agarose gel electrophoresis. The results showed that PAGA was able to condense plasmid DNA into small particles at a charge ratio of 2:1 (+/−) ( Figure  1 ). The average effective diameter of PAGA complexes (2:1, +/−) as determined by light scattering was 179 nm. The stability in the presence of DNase I is one of the essential parameters of systemic gene delivery. The results from the DNase I stability test are demonstrated in Figure 2 . The whole naked DNA was destroyed within 10 min, but PAGA protects the DNA from DNase I for more than 60 min.
In vitro transfection
We evaluated whether the PAGA had an enhanced effect on plasmid delivery into the 293T cells (ATCC, Rockville, MD, USA). The efficiency of PAGA mediated transfection to 293T cells was significantly higher than that of naked DNA (P Ͻ 0.01) ( Figure 3 ).
RT-PCR detection of mIL-10 mRNA in the liver of NOD mice We determined the presence of mIL-10 mRNA, transcribed from the intravenously injected PAGA/DNA complex using RT-PCR. To exclude the RT-PCR products from contaminated pCAGGS plasmid or endogenous mIL-10 mRNA, the primers were designed to encompass the intron sequence of pCAGGS-mIL-10 plasmid. The size of the desired RT-PCR product was 222 base pairs. As a result, mIL-10 mRNA was detected in the liver after intravenous injection in both the naked and the PAGA/DNA complex groups ( Figure 4 ). However, in the liver of the naked group, the expression of mIL-10 plasmid became decreased 5 weeks after injection, while PAGA/DNA complex group showed similar degree of expression until 9 weeks after injection. RT-PCR product of the spleen and pancreas was not identified.
In vivo expression of mIL-10 and insulitis
We investigated whether the insulitis of NOD mice could be suppressed after intravenous injections of the PAGA/mIL-10 plasmid complex. Three-week-old female NOD mice were injected once with 100 g of mIL-10 plasmid complexed with PAGA (charge ratio PAGA: DNA = 2:1, 200 l, pH 7.35 phosphate buffered saline) into the tail vein. At the scheduled times, NOD mice were killed in order to collect blood samples and to harvest the liver. Mouse IL-10 serum levels were measured by ELISA 1, 2, 3, 5 and 9 weeks after systemic administration. Serum mIL-10 levels of NOD mice injected with PAGA/pCAGGS mouse IL-10 plasmid complex (PAGA/DNA complex group) were significantly elevated, and the expression of mIL-10 was sustained above control levels for more than 9 weeks (P Ͻ 0.01) ( Figure  5 ). The prevalence of severe insulitis in NOD mice at 12 weeks of age was markedly improved by intravenous injection of the PAGA/mIL-10 plasmid complex (15.7%) compared with naked DNA injection (34.5%) and nontreated controls (90.9%) ( Figure 6 ).
Discussion
Autoimmune diabetes mellitus is a clear candidate for gene therapy. In principle the best approach for treatment of autoimmune diabetes would consist of identifying people at risk of developing the disease and treating them to prevent the islet damage. In gene therapy, temporary expression and low transfection efficiency of plasmid have been major barriers to treat diseases. Repeated intravenous injection may be one solution to overcome these major barriers. Earlier studies reported that the expression levels of intravenously injected naked DNA were undetectable. 10, 11 However, a recent study showed that expression levels were high for a rapid intravenous injection of a large volume of naked DNA. 12 The intravenous delivery of naked DNA still remains a challenge. The protection of plasmid from degradation by nuclease may result in higher transfection efficiencies. 13, 14 The successful delivery of DNA from the cytoplasm to the nucleus is important to the development of gene therapy systems. Biodegradable cationic polymers have been introduced as a gene delivery system that can improve the transfection efficiency. They can condense DNA and protect it from degradation by nuclease. High and longlasting expression of plasmid has been accomplished by biodegradable carnitine ester after intravenous administration in mice. 15 Another type of synthesized biodegradable gene delivery system is cationic lipids. Cationic lipids induced higher transgene expression than other liposomes and their degradation in cells increased intracellular-free DNA. 16 We observed that intravenously injected biodegradable PAGA/DNA complexes induced a high and long-term expression in NOD mice. This result suggested that degradation of PAGA might increase intracellularfree DNA. Further investigation is still required.
Endosomal release and dissociation of a cationic carrier/DNA complex before transcription is essential to improve the transfection efficiency. An excessive positive charge may be an obstacle to the dissociation of the cationic carrier/DNA complex. 17, 18 We used a PAGA/DNA complex at a charge ratio of 2:1 (+/−), which was a minimal, excessive positive charge.
Recent studies have demonstrated that the infiltration of autoreactive mononuclear cell into the islet (insulitis) is due to the imbalance of cytokines secreted by helper type 1 (Th1) and type 2 (Th2) CD4 + T cells. 19, 20 Proinflammatory cytokines (IFN-␥ and IL-2) secreted by Th1 cells increase the inflammatory and cell-mediated immunity, whereas anti-inflammatory cytokines (IL-4, 5, 6, 10 and 13) secreted by Th2 cells stimulate humoral immunity. 21, 22 These results suggest that Th1 cells mediate autoimmune insulitis. The activation of Th1 cells in NOD mice was suppressed by mIL-10, which can prevent insulitis and diabetes. [23] [24] [25] This recombinant cytokine therapy showed low bioavailability, chemical instability and modulated the immune response. Prevention of diabetes development in NOD with mIL-10 is age-dependent. Previous data showed that injection at a young age was required.
1 Therefore, we injected PAGA/DNA complex into 3-week-old NOD mice to prevent insulitis. The pCAGGS plasmid does not cause nonspecific induction of IL-10 levels. 1 In summary, biodegradable cationic polymer PAGA could condense pCAGGS mouse IL-10 plasmid, protect it from DNase I, and enhance transfection efficiency in 293T cells. Systemic administration of pCAGGS mIL-10 plasmid/PAGA complexes can reduce the severity of insulitis in NOD mice. These results indicate that PAGA is an excellent gene delivery carrier to be applied to intravenous injection of mIL-10 plasmid.
Materials and methods
Synthesis of PAGA CBZ-L-oxylysine was synthesized from CBZ-L-lysine by diazotization with sodium nitrite and sulfuric acid, followed by extraction with ethylether, and then precipitated with petroleum either. CBZ-L-oxylysine was polymerized by a melting condensation at 150°C under a vacuum of 10 −4 Torr for 5 days. The cooled polymer was dissolved with chloroform and precipitated with methanol. Dried polymer was dissolved with DMF containing palladium activated carbon catalyst and 85% formic acid was added as a proton donor. After 15 h at room temperature, the polymer solution was isolated from the catalyst by filtration. 2 N HCl was added and the polymer was precipitated with acetone. PAGA was stored at −70°C until ready for use.
Animals
Three-week-old female NOD mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and were kept under specific pathogen-free conditions. NOD mice were killed at scheduled times by cervical dislocation following anesthetization with methoxyflurane (ScheringPlough Animal Health, Union, NJ, USA) inhalation.
Preparation of pCAGGS mIL-10 plasmid
Mouse IL-10 expression pCAGGS plasmid DNA was amplified in DH5␣ subcloning efficiency Escherichia coli (Gibco-BRL, Gaithersburg, MD, USA), and purified by Gene Therapy 6, 1 week after injection; lanes 2 and 7, 2 weeks; lanes 3 and 8: 3 weeks; lanes 4 and 9, 5 weeks; lanes 5 and 10, 9 weeks. Qiagen Plasmids Maxi Kits (Qiagen, Valencia, CA, USA). The purity and identity of the plasmid DNA preparation were confirmed by absorbance measurements at 260 nm and 280 nm and by restriction enzyme gel electrophoresis of the digested plasmids.
Preparation of PAGA/DNA complex The PAGA/DNA complexes were prepared by self assembly. PAGA (1.5 mg) was dissolved in 1 ml of phosphate-buffered saline (PBS, pH 7.3). One hundred microliters of PAGA solution was added to 900 l of PBS. Ten microliters of diluted PAGA solution was slowly dropped into 1 l of the prepared DNA (1.0 mg/ml) plasmid gene and left for 30 min (PAGA/DNA charge ratio 2:1). The complex formation of PAGA/DNA was routinely monitored by 1.0% agarose gel electrophoresis. 26, 27 The particle size of PAGA/DNA complex was determined by dynamic light scattering (BI-2030AT; Brookhaven Instruments, Holtsville, NY, USA).
Stability of PAGA/DNA complexes
The charge ratio (+/−) of PAGA:DNA complex was 2.0 in PBS. After complex formation, DNase I (10 unit, Gibco-BRL, Gaithersburg, MD, USA) was added to the complex solution, and the complex suspension was incubated at 37°C for 60 min. A 50 l sample of the complex suspension was taken at 0, 2, 5, 10, 20, 40 and 60 min after incubation, mixed with 75 l of stop solution (4 m ammonium acetate, 20 mm EDTA, and 2 mg/ml glycogen) and placed on ice. To dissociate the plasmid DNA from PAGA, 37 l of 1.0% SDS was added and the complex was heated at 65°C overnight. After phenol/chloroform extraction, the DNA was precipitated with ethanol. The pellets were dissolved in 10 l of TE buffer, and applied to the 1.0% agarose gel electrophoresis.
In vitro transfection NIH 293T cells (ATCC, Rockville, MD, USA) were cultured on 24-well plates (Corning, NY, USA) at a concentration of 2 × 10 4 cells per well for 24 h. Cultures were initiated in DMEM (Gibco-BRL) containing 10% fetal bovine serum, supplemented with 100 U/ml penicillin at 37°C for 24 h with 5% CO 2 . We removed the growth media and washed the cells with a PBS. After adding transfection media, 293T cells were incubated for 24 h, after which the media was collected and stored at −70°C until used for mIL-10 expression assay.
Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from NOD mice liver at scheduled times by using the GlassMAX RNA micro-isolation spin cartridges system (Life Technologies, Gaithersburg, MD, USA). Reverse transcription was performed at 37°C for 1 h using reverse transcriptase (Qiagen) and backward primer. Specific oligonucleotide primers were forward primer 5Ј-GCTGGTTATTGTGCTGTCTC-3Ј, backward primer 5Ј-CTCTAGGAGCATGTGGCTCT-3Ј. These primers were designed to encompass the intron sequence, such that any possible PCR products from contaminating plasmid DNA or genomic DNA could be distinguished. 1 The following PCR reaction cycle was used: 40 cycles at 94°C for 1 min, 60°C for 1 min and 72°C for 1 min 30 s followed by an extension of 10 min at 72°C. The length of the expected products was 222 base pairs. PCR products were analyzed by electrophoresis on 1.0% agarose gels visualized by ethidium bromide staining under UV illumination. Mouse IL-10 assay and measurement of insulitis in NOD mice Two hundred microliters of PAGA/plasmid complexes (2/1, +/−) were injected into the tail vein of NOD mice at a dose of 100 g DNA per mouse. At designated times, the animals were killed by cervical dislocation and the blood was collected from the inferior vena cava, centrifuged at 3500 r.p.m. for 15 min and stored at −70°C (n = 2 in each group, total n = 30). The pancreas and liver were also harvested. The amounts of serum mIL-10 was determined by using an enzyme-linked immunosorbent assay (optEIA mouse IL-10 set, Pharmingen, San Diego, CA, USA). For hematoxylin-eosin staining, the pancreas was fixed in 20% formalin containing 75 mm phosphate buffer at pH 7.0, and embedded in paraffin. Five-micron thick sections were cut and stained with hematoxylineosin. More than 20 islets from each pancreas were examined using double blind methods from three animal groups. To characterize the progression of insulitis, each islet was assigned by using the following insulitis grading system. 28 Grade 3 and 4 were considered as severe insulitis (grade 0, normal islets; 1, mononuclear cell infiltration, largely in the periphery, in less than 25% of the islet; 2, 25 to 50% of islet showing mononuclear infiltration; 3, over 50% of islet showing mononuclear infiltration; and 4, small retracted islet with few mononuclear cells).
Statistical analysis
The comparison of IL-10 concentration was made by Student's t test. P value under 0.05 was thought to be statistically significant.
